A quick fabrication method for making double-walled (DW) polymeric nanospheres is presented. The process uses sequential precipitation of two polymers. By choosing an appropriate solvent and non-solvent polymer pair, and engineering two sequential phase inversions which induces first precipitation of the core polymer followed by precipitation of the shell polymer, DW nanospheres can be created instantaneously. A series of DW formulations were prepared with various core and shell polymers, then characterized using laser diffraction particle sizing, scanning electron microscopy, atomic force microscopy, Fourier transform infrared spectroscopy, and differential scanning calorimetry (DSC). Atomic force microscopy (AFM) imaging confirmed existence of a single core polymer coated with a second polymer. Insulin (3.3% loading) was used as a model drug to assess its release profile from core (PLGA) and shell (PBMAD) polymers and resulted with a tri-phase release profile in vitro for two months. Current approaches for producing DW nanoparticles (NPs) are limited by the complexity and time involved. Additional issues include aggregation and entrapment of multiple spheres and the undesired formation of heterogeneous coatings. Therefore, the technique presented here is advantageous because it can produce NPs with distinct, core-shell morphologies through a rapid, spontaneous, self-assembly process. This method not only produces DW NPs, but can also be used to encapsulate therapeutic drug. Furthermore, modification of this process to other core and shell polymers is feasible using the general guidelines provided in this paper.
Introduction
Polymer microspheres have long been researched as a means for the controlled delivery of therapeutic agents. With the recent surge of research in nanotechnology, nanosphere formation has become an area of significant interest in the field of drug delivery. While there have been many advances in the development of more sophisticated methods of fabricating microspheres, translating these technologies and encapsulating therapeutic drugs at the nanoscale level are still quite challenging. One such example is creating DW nanospheres, which can provide effective release of the drug by reducing the burst effect and providing protection from the harsh environment of the gastrointestinal (GI) tract [1] .
Traditionally, the preparation of large DW spheres involves multiple steps in which single-walled spheres were fabricated then coated with a second polymer by pan-coating, solvent evaporation, dip-coating, spray drying, or other similar processes [2] [3] [4] . However, these methods often result in the incomplete or uneven deposition of the coating polymer especially as the particle size of the core material is decreased. Additionally, the need for additional steps in the manufacturing process decreases yield and presents difficulties in quality control and especially scale up. Our group has previously reported the formation of double walled, large microspheres using a modified solvent evaporation technique that involves phase separation of two polymers in the organic phase [3, [5] [6] [7] . However reducing this process to nanoscale was never done before in the Mathiowitz lab. As micro-and nanoencapsulation techniques have become more sophisticated and yield smaller diameter particles, the technical challenges of coating them became essential.
The small diameter of nanospheres offers many advantages for drug delivery but also presents many challenges in successfully obtaining controlled release. The high surface area to volume ratio of nanospheres often results in most of the drug being released during the initial burst phase. This is especially true for proteins and peptides. In this case, the use of DW nanospheres could play an important role in achieving the https://doi.org/10.1016/j.jconrel.2018.04.048 Received 6 March 2018; Accepted 28 April 2018 desired release as well as in decreasing the burst effect. In addition, bioactive polymers could be used as the shell in order to enhance nanoparticle-tissue interactions; for example, the use of bioadhesive polymers to enhance the retention of the nanospheres in the GI tract [8] [9] [10] . It should also emphasized that this approach of using bioadhesives in order to increase systemic uptake has been shown to work also in vivo [9, [11] [12] [13] [14] . For example, it has been shown by Reineke et al. [9] that coating polyacrylic acid NPs with PBMAD increases the systemic uptake of the particles from 6% to 66%.
Phase inversion nanoencapsulation (PIN) [3] is a method developed by the Mathiowitz lab for the encapsulation of small molecules, proteins and genes in small diameter micro-and nanospheres [8] [9] [10] 15, 16] . Since then, many groups have fabricated nanospheres by this method using a variety of polymer and drug combinations and have evaluated the manufacturing parameters, drug localization, in vitro and in vivo degradation as well as drug release kinetics [2, 3, [5] [6] [7] [17] [18] [19] [20] . More recently, smaller diameter spheres were formed by a precision particle fabrication process. This process relies on a series of annular nozzles that create a compound jet of core and shell polymeric solutions that are broken by acoustic excitation into uniform droplets which are sprayed directly into an aqueous bath for solvent evaporation [21] [22] [23] . In addition, triple walled microspheres were fabricated with multiple drugs localized in different layers of spheres based on each drug affinity to specific polymer layer [24] . All these studies have shown that the addition of a polymer shell results in a smaller burst effect and more sustained release of drugs encapsulated in the core than their singlewalled counterparts (see also review [25] ).
In the current paper, a new method is presented for manufacturing nano-sized DW spheres (encapsulating insulin) based on the phase separation and formation of a cloud point of two polymers in solution. This production approach is significantly faster than existing methods, adjustable in scale, and implementable in relatively basic lab setups. We termed this procedure Single Step Double-walled Nanoencapsulation (SSDN).
Materials and methods

Materials
Poly(lactic-co-glycolic acid) (PLGA, Resomer RG 502, 50:50; i.v. range 0.16-0.24 dL/g in CHCl 3 ) was purchased from BoehringerIngelheim, Inc. (Ridgefield, CT). PLGA (75:25; i.v. 0.67 dL/g in CHCl 3 ) and D,L-poly(lactic acid) (D,L-PLA; and i.v. 0.21 dL/g in CHCl 3 ) were purchased from Birmingham Polymers, Inc. (Pelham, AL). These polymers were stored at −20°C until use. It should be noted that today these aforementioned polymers could be obtained from Polysciences (cat #: 26269, 25,107, and 22,505 respectively). Poly(methyl methacrylate) (PMMA, atactic; MW:~25,000) was obtained from Polysciences, Inc. (Warrington, PA), and stored at room temperature. All novel, bioadhesive poly(butadiene-maleic anhydride) (pBMA)-derivative and poly(ethylene-maleic anhydride) (pEMA)-derivative polymers were synthesized in the Mathiowitz lab via ring-opening, sidechain conjugation reaction in dimethyl sulfoxide (DMSO) as described in detail [26] . These polymers include poly(butadiene-maleic anhydride-co-L-phenylalanine) (PBMAP), poly(butadiene-maleic anhydrideco-L-tyrosine) (PBMAT), poly(butadiene-maleic anhydride-co-L-DOPA) (PBMAD), poly(ethylene-maleic anhydride-co-L-phenylalanine) (PEMAP), poly(ethylene-maleic anhydride-co-L-tyrosine) (PEMAT), and poly(ethylene-maleic anhydride-co-L-DOPA) (PEMAD). These polymers were stored at room temperature. The pBMA and pEMA unmodified polymers were purchased from Polysciences, Inc. (Warrington, PA) while the amino acid conjugates were obtained from Sigma-Aldrich Co. (St. Louis, MO). Tetrahydrofuran (THF), ethanol, sodium lauryl sulfate (SLS), petroleum ether, 1% polyvinylpyrrolidone (PVP), phosphate buffer saline (PBS), formic acid, acetonitrile, bovine zinc insulin, and 0.22 μm Fluoropore PTFE filters were all purchased from Fisher Scientific. All solvents used in this study were of the highest commercial grade available.
Cloud point detection
The cloud point of a polymer solution corresponds to the transition from a translucent to a metastable cloudy turbid state due to the separation of the solution into two distinct phases, one with a high, relative, polymer concentration and another with a low, relative, polymer concentration.
For each formulation presented in this paper, THF was selected as the solvent for the core polymer and ethanol was selected as the solvent for the shell polymer. To determine the cloud point of each core polymer solution, ethanol was added in 100 μL increments to a 2% w/v core polymer solution in THF until the solution became turbid and resulted in no increase in the turbidity of the solution with the further addition of ethanol but without precipitation of the polymer. Once the cloud point was determined, the cloud point testing was repeated using a 2% w/v solution of the shell polymer in ethanol to ensure the presence of the second polymer did not affect the cloud point. In all cases, it was found that the shell polymer added to the ethanol solution did not affect the cloud point. To prepare DW particles, the cloud point was determined for the following polymers selected as core polymers at 2% w/v in THF: PMMA, PLGA (75:25), PLGA (50:50), and D, L-PLA (Table 1 ).
Single Step Double-walled Nanoencapsulation (SSDN) fabrication
To fabricate DW nanospheres consisting of polymeric cores with different polymeric shells, the appropriate volume ratio of 2% w/v shell polymer solution in ethanol was added to a 2% w/v of core polymer solution in THF (see Table 1 for details). Then the resulting cloudy mixture was rapidly added to a non-solvent (for both polymers) solution of petroleum ether with a solvent mixture to non-solvent solution ratio of 1:75 resulting in the spontaneous formation of DW nanospheres. The final mixture was left to stir for 2-5 min to allow for the extraction of residual solvents and for nanosphere curing (Fig. 1, top) . The resulting spheres were captured using a 0.22 μm Fluoropore PTFE membrane filter under a positive pressure filtration column (Millipore, Inc.; Billerica, MA). Material retained on the membrane were scraped, flash frozen in liquid nitrogen and lyophilized for 24 h. Schematic representation of this process, using PLGA and PBMAD as representative polymers, is depicted in Fig. 1. 
DW nanoparticles characterization
Particle size analysis
All formulations were reconstituted from powder form into a medium consisting of an aqueous solution of 1% SLS and 1% polyvinylpyrrolidone PVP solution in 0.5-2% w/v suspensions utilizing bath sonication. A Beckman Coulter LS230 Laser Diffraction Particle Size Analyzer (Beckman Coulter, Inc.; Brea, CA) was used to evaluate the Table 1 Cloud point testing of 2% w/v core polymer solutions (i.e. THF) with ethanol as a non-solvent for the core polymer and a solvent for the shell polymer. The cloud point results are presented as the ratio of the volume of shell polymer solvent (mL S2 ) to volume of core polymer solution (mL S1 ) once achieving stable cloudy turbidity (mL S2 /mL S1 ).
size distribution of the DW NPs formulations.
Scanning electron microscopy
The morphology of the DW nanospheres formulations was analyzed by scanning electron microscopy (SEM). Formulations were placed on a carbon-backed adhesive and sputter-coated with Au-Pd for 4 min at 20 mA and imaged on a Hitachi 2700 Scanning Electron Microscope (Hitachi High Technologies America, Inc.; Pleasanton, CA) with an accelerating voltage of 8 kV.
Differential scanning calorimetry analysis
3-7 mg of each formulation or bulk polymers were sealed into aluminum sample pans for differential scanning calorimetry (DSC) analysis. Thermal analyses of the DW nanospheres were performed using a Model DSC 7 (Perkin-Elmer, Inc.; Waltham, MA) equipped with controller model TAC 7/DX (Perkin-Elmer, Inc.; Waltham, MA). After achieving equilibrium at −20°C, samples were heated to 200°C, cooled to −20°C then reheated to 200°C again all at a rate of 10°C/min. Thermograms were analyzed using Perkin-Elmer Thermal Analysis built-in software for the calculation of glass transition temperatures (T g ).
Fourier transform infrared spectroscopy analysis
All formulations or bulk polymers were analyzed as dry powders using a Perkin Elmer Spectrum One Fourier transform infrared spectroscopy (FTIR) with a Universal ATR Sampling Accessory and analyzed using the built-in Spectrum software (Perkin-Elmer, Inc.; Waltham, MA).
Atomic force microscopy
The formation of nanosphere core and shell structure was evaluated using atomic force microscopy (AFM, MFP-3D-BIO, Asylum Research) using AC (tapping) mode. AFM samples were prepared in the following manner, 50 μL of 1% w/v pure PLGA NPs, pure PBMAD NPs, and PLGA coated with PBMAD DW NPs were placed on a square coverslip, and the liquid was allowed to evaporate. The square coverslips were then adhered to a slide using double-sided tape. AFM scans used a sharp, silicon cantilever (tip diameter < 20 nm) with a nominal stiffness value of 40 N/m (Budget Sensors). Topographical height and phase shift scans were acquired to determine surface and polymer composition. In order to ensure that the data gathered were real and not imaging artifacts, height and phase data were captured for both directions (trace and retrace), different scan sizes were analyzed (ranging from 100 nm -10 μm), different scan speeds were used on the same sample (1 Hz and 0.8 Hz), and multiple spots per sample were imaged [27] . AFM was also used to image exposed DW (PLGA-PBMAD) NPs to base (pH = 10) solution (Fig. 6 ). Since PBMAD easily dissolves at this pH while PLGA does not, this exposure should provide additional insights into what lies beneath the supposed PBMAD shell. Briefly, 20 mg of the manufactured DW NPs were exposed to 1 mL of high pH solution (pH = 10) for 15 min. Then AFM was used to image these DW NPs.
In vitro release experiments
In order to assess the release profile of DW NPs, insulin (zinc bovine insulin) was used as model drug. The chosen core polymer was PLGA with PBMAD coating as the shell. As previously published by the Mathiowitz group, PBMAD is a well-known bioadhesive polymer that can increase permeability through the GI tract; in addition, it is soluble at pH 7 while insoluble at lower pH (can act as enteric coating) [8, 9, 16, 26] . Therefore, the release experiments were first conducted in a buffer solution with pH of 3, then moved after 4 h into PBS solution (pH 7.4). Samples were taken immediately (zero-time point) after suspending about 20 mg of DW NPs in 1.3 mL of a buffer solution (pH 3) and also after 2 h and 4 h. Then, the medium was replaced with PBS (pH 7.4), and additional samples were taken after 5 h, 6 h, 24 h, 72 h, 168 h, 240 h, 408 h, 1080 h, 1344 h, and 1560 h (65 days). 0.9 mL samples were taken at each time point and replenished with 0.9 mL of the appropriate medium, only at the aforementioned time points. PBS and pH 3 buffers were used to maintain the pH of the solutions during the release experiments. Samples were collected by centrifugation at 10000g for 8 min at 4°C and the supernatant collected for analysis. All samples were analyzed by liquid chromatography-mass spectrometry (LC-MS) for insulin content. HPLC was used at laminar flow chromatography using Shimadzu LC-10ADVP pumps and a CTC Analytics HTC PAL autosampler with analytical column (TSKgel UP-SW3000, 2 μm, 4.6 mm × 15 cm), running at 0.3 mL/min isocratic flow of HPLC Grade Acetonitrile with 0.1% Formic acid (v/v). Samples were kept at a temperature range of 2-8°C, 14 min run where insulin peak appeared at 6.7 ± 0.3 min. The HPLC column was coupled to the mass spectrometer equipped with a TurboV interface. Tandem-mass spectrometry (MS/MS) was performed on a triple stage quadrupole from SCIEX API 4000 Qtrap (Concord, Ontario, Canada) with an atmospheric pressure ionization (API) chamber. The gas used for nebulizer, curtain, collision and turbo gases was from a single nitrogen source with a gas manifold. The mode of operation was positive ion with enhanced product ion (EPI) scan of 956.6 amu to a suitable daughter ion. Scan range was 500-1500 amu with a scanning time of 1.0001 ms.
Results and discussion
Cloud point detection
The most critical step in the formation of the DW microsphere is identifying the cloud point. After many experimental trials, it was decided to work with 2% w/v polymeric solutions. The polymers were each dissolved in THF and ethanol was added as non-solvent until the cloud point was reached. Ethanol was a non-solvent for the core polymer but a solvent for the shell polymers. The cloud points of PMMA, PLGA (50:50), PLGA (75:25) and D, L-PLA are presented in Table 1 .
As indicated in Table 1 , the cloud point of each core polymer solution was successfully induced with the addition of a sufficient volume of ethanol; each core polymer required a different ratio of ethanol due to their different solubility parameters.
Additionally, in order to confirm that the presence of the secondary shell polymer does not affect the cloud point of the core polymer, these tests were also performed using 2% solutions of the shell polymer in ethanol. The results indicated that the presence of the shell polymer in the system did not alter the cloud point for the core polymer.
Fabrication of DW nanoparticles containing insulin
Using the determined cloud point for each core polymer solution, a series of DW NPs with various core and shell polymer combinations were prepared. One such example is the coating of PLGA with PBMAD. For this core and shell pair, insulin was also used as the active material. Briefly, insulin was suspended and PLGA dissolved in THF. Then, the rapid addition of the core polymer + insulin solution to PBMAD in ethanol resulted in the phase separation of the PLGA as the suspended insulin served as nucleation centers. The solution turned turbid and cloudy while the amber colored PBMAD remained soluble in ethanol. This cloudy solution was immediately added to~1 L of petroleum ether which resulted in the phase inversion of the PBMAD polymer around the already phase separated PLGA spheres serving as nucleation points (Fig. 1, bottom) . The final DW NPs were amber in color, which suggests that the PBMAD polymer is on the surface (Single-wall PLGA particles result in white colored particles). DW nanospheres were successfully prepared using this SSDN method to form NPs with various shell polymers and core polymers (see Table 2 ).
DW nanoparticles characterization
For this section, we focused on the PBMAD-shell/PLGA (75:25)-core formulation due to its beneficial features for drug delivery research as it is a well-known biodegradable and biocompatible polymer. Previous in vivo uptake studies consisting of the bioadhesive PBMAD-shell with a PMMA or PS-core revealed that uptake in the small intestine was greatly improved when coated with the bioadhesive PBMAD [9] .
Particle size analysis
Analysis of size distribution was done using the PMMA core polymer with the different coating polymers used in this study. The results are presented in Fig. 2 .
As can be seen in Fig. 2 , the laser diffraction particle size analysis revealed that the SSDN process using 2% w/v polymer solutions results in two main populations of NPs, one in the range of 500 nm and the other around 2 μm. The production of NPs in the 500 nm range is consistent with previous work in our lab preparing single-walled NPs using the PIN method, which revealed that particle size is directly related to the polymer solution viscosity, a function of polymer concentration [15] . This method requires the use of dilute polymer solutions to produce discrete spheres, typically < 5% w/v. The secondary peak in the 2 μm range could either reflect the production of a polydisperse population of spheres or more likely, the presence of aggregates, which was further explored and shown by SEM analysis (see Section 3.3.2). For a more monodispersed size ditrubution (resulting in lower yields) one could use centrifugation or refer to these separation by size methods [28] [29] [30] .
Scanning electron microscopy
SEM micrographs of the various formulations tested are presented in Fig. 3 (a-l) .
As seen in the scanning electron micrographs for the PLGA/PBMAD nanospheres (Fig. 3, a-c) , the SSDN process resulted in the formation of discrete nanospheres with an average particle diameter of~500 nm. Note that the SEM was not used for proving the core and shell structure (see AFM section). As mentioned above, the SEM analysis revealed that aggregates were also formed (Fig. 3a-l) , as was suggested by the results of the laser diffraction particle size analysis (explaining the additional peak at~2 μm). The formation of aggregates could be attributed to the adhesive nature of the shell polymers (e.g., PBMAD [26] ). Another possibility could be the use of lyophilization as the final step in preparation which can also promote aggregation of nanospheres [8] .
Differential scanning calorimetry analysis
DSC analysis of the bulk ("pure") polymers and manufactured DW NPs was performed in order to assess the existence of both polymers in the final powder (Table 2) .
First, it should be noted again that DSC analysis does not provide information about the location of each polymer detected. The results presented in Table 2 show that two T g were detected for all formulations -one corresponding to the core polymer and the other to the shell polymer. For example, pure PLGA (75:25) exhibited a T g of 42.7°C with no T m due to the amorphous nature of the polymer; pure PBMAD exhibited a T g of 174.3°C, and no T m was detected either. The PLGA/ PBMAD DW NP formulation exhibited two T g at 49.4°C and 159.2°C; the first can be assigned to the PLGA and the latter to the PBMAD.
The existence of these two T g serves as proof for the existence of both polymers in the nanospheres as separated phases. It does not prove the formation of core shell structure. However, it does show that the two polymers are not forming a solid composition, since in that case one glass transition would have been observed. Another insight that can be deducted from the DSC analysis is the reduction in the T g associated with PBMAD as well as the increase in T g associated with PLGA. This might suggest that both the core and shell polymers are interacting and this may be occurring at the interface. Hence, the DSC results serve as an indirect evidence for the formation of two phases. The results of the AFM analysis (later in the paper) provide better analysis for the existence of the DW structure (section 3.3.5).
FTIR analysis
FTIR analysis of the PBMAD/PLGA DW nanospheres, pure PLGA (core polymer), and pure PBMAD (shell polymer) interferogram were obtained, baseline corrected and presented in Fig. 4 below.
Characteristic peaks were identified for the core polymer (PLGA) and the shell polymer (PBMAD) as well as their presence in the PBMADshell/PLGA-core DW formulation (Fig. 4) . Characteristic peaks include the ester bond for PLGA (1750 cm −1 ) and the anhydride bond of PBMAD (1700 cm −1 ) which are also present in the PBMAD/PLGA NPs.
Additionally, the characteristic -CH 2 stretch of PLGA (3000 cm −1 ) and the broad hydroxyl peak of the PBMAD (2400-3600 cm −1 ) are also present in the interferogram of the PBMAD/PLGA NPs. These results confirm the presence of both polymers within the DW NPs. FTIR may also provide information about whether the two polymers are interacting as has been shown in the case of chitosan-alginate NPs [31] . The shift of a characteristic peak indicates an interaction related to that moiety. For example, the PLGA ester bond peak (1750 cm −1 ) is shifted in the interferogram of the DW NPs; there is also a shift in the PBMAD anhydride peak (1700 cm −1 ) in the interferogram of the DW NPs. These shifts indicate an interaction between these two moieties of the core and shell polymers. The diminishment of the -OH peak of PBMAD and the ester peak of PLGA in the interferogram of the DW NPs might also suggest that the interaction between the two polymers is via hydrogen bonds of these two moieties (hydroxyl groups of the PBMAD; ester groups of the PLGA).
3.3.5. AFM analysis AFM phase imaging was used to characterize the surface composition of the manufactured DW NPs. The AFM was chosen since one can directly observe the surface composition of the particles without any other coatings as required many times for SEM/TEM analysis. The first step for AFM analysis required attributing a specific phase angle shift to each polymer. In this way, one can get a real number that represents each polymer so identification of surfaces is more accurate when compared to other methods such as SEM or TEM. This phase shift will later allow identification of each polymer. AFM phase shift is derived from the difference in phase angle between the freely oscillating cantilever in the air and the cantilever oscillation during scanning [32] . The detection of phase angle shifts by AFM may provide enhanced image contrasts (usually reach 10 nm resolution [33] ), especially when the sample is known or believed to be comprised of heterogeneous materials [34] . Phase angle shifts are the result of contact interactions between the cantilever and the surface of the sample. Differences in the stiffness and energy dissipation properties of materials will induce different phase angle shift, as has been shown in previous studies [21, 35, 36] .
PLGA 75:25 coated with PBMAD was chosen as the model formulation for AFM analysis. First, the pure PLGA 75:25 and pure PBMAD nanospheres were analyzed in order to determine their phase angle shift (Fig. 5A&B ). Fig. 5 shows the images of the phase angle shifts of the individual pure polymers as well as the phase angle shift image of the DW PLGA/PBMAD NPs (Fig. 5C) .
As was shown by others, AFM phase angle shift image can help analyze the surface morphology and distinguish between different polymers [37, 38] . In Fig. 5A&B , one can easily notice the difference in the angle shift for the two polymers. PLGA 75:25 is inducing angle shifts of about 120°and 80°(corresponding to the PLA block and PGA block, respectively), while PBMAD induces a lower phase angle shift of around 60°. The topography images show the spheres within the range of the size distribution measured for these particles by light scattering (526 ± 24 nm and 486 ± 60 nm). In Fig. 5C the phase angle shift is showing a smooth and uniform surface, predominantly with an angle shift of 60-70°which is attributed to PBMAD. Hence, it means the surface (i.e. shell) of the DW NPs is PBMAD. Furthermore, the same surface material was observed for all imaged of DW NPs, suggesting a highly consistent process that does not inadvertently form singlepolymer NPs.
The FTIR and DSC analysis of the PLGA 75:25/PBMAD NPs showed that two polymers were detected in the final sample while the AFM phase angle shift images showed that only one type of polymer exists on the surface. Hence one can easily deduct that the SSDN protocol does produce a DW structure with one polymer dominant in the shell. It is however imperative to note that since these are not cross sections of the NPs, one cannot determine whether the exact structure is core and shell or a shell and blend inside. Thus, in order to elucidate the structure of the SSDN particles, 20 mg of the manufactured DW NPs were exposed to 1 mL of a high pH solution (pH = 10) for 15 min. Since PBMAD easily dissolves at this pH while PLGA does not, this exposure should provide additional insights into what lies beneath the PBMAD. AFM was used to image DW NPs before and after exposure to high pH (Fig. 6 ). This type of study could only be done by AFM since without any additional manipulation one can identify the surface by the phase shift which is a real quantitative measure of surface properties.
As mentioned, PBMAD is soluble at pH = 10, hence exposure to this pH should reveal what is beneath the PBMAD surface. In Fig. 6B one can see that the pure PLGA 75:25 NPs were not affected by exposure to high pH (=10) when compared to Fig. 6A where the pure PLGA NPs were not exposed to high pH which proves that PLGA 75:25 is not affected by exposure to basic solution. When comparing Fig. 6C (unexposed DW NPs) to 3.3.6. Insulin release from DW nanoparticle PLGA-PBMAD In order to assess the use of this method for drug delivery purposes, insulin-loaded PLGA-core PBMAD-shell DW NPs were manufactured utilizing the SSDN method and the in vitro release profile of insulin evaluated (see Section 2.4.6 for full details). Insulin theoretical loading was 5% (w/w) with 67% loading efficiency (resulting with 3.3% actual loading, derived from the release profile). The results are shown in Fig. 7 . The release of insulin from the DW NPs shows zero release for the first 4 h at pH of 3 (where insulin is very soluble), and then approximately 30% release after 24 h. The lack of release in the first 4 h indicates that the insulin is not exposed on the surface (PBMAD is not soluble at pH 3 but insulin is very soluble at this pH). These results also show the ability of the PBMAD to resist dissolution at low pH as the first 4 h showed zero release, then releasing almost immediately when exposed to PBS solution, with continued release for over two months (65 days). The release profile shows three stages of release. The first is the "fast" almost linear release for about two weeks (16 days) of 70% of the total amount of insulin inside, implying that these particles provide almost zero-order release kinetics. In the second stage (16-45 days), almost no insulin is released for 30 days, ending with a "slow" insulin release for 20 days further time points were taken up to 4 months where no additional release was observed (results not plotted for better visualization). This kind of release profile suggests that the insulin is also encapsulated within the PLGA core and is released only when the PLGA itself starts to fully degrade. Additionally, these results show that this method could easily be utilized for drug delivery purposes, specifically oral drug delivery.
The preparation of DW NPs by SSDN is a shorter process which relies on phase separation and sequential precipitation phenomena resulting in a distinct core-shell structure. By engineering all components involved we can control which of the polymers will precipitate first to serve as the core polymer and which will be the second to precipitate to serve as the shell polymer. This method relies on the phase separation of polymers in solution upon addition of a non-solvent. Therefore, the formation of nanospheres is instantaneous and requires no shear forces, which is further beneficial for the preservation of bioactivity when encapsulating sensitive therapeutic agents, such as proteins or genetic material. SSDN is an extremely useful encapsulation method for manufacturing DW NPs, however there are some limitations and specific requirements. The resulting NPs are not monodispersed and additional methods are required to obtain a more homogeneous distribution (as discussed previously). Also, since harsh organic solvents are used throughout the process, pharmaceuticals which are sensitive to these solvents might not be suited for this method. SSDN requires carefully selected solvents and the cloud point should be found for each two polymers/solvents systems. In order to successfully manufacture DW NPs the solvent for the core polymer must be a solvent for the shell polymer as well. In addition, the solvent for the shell polymer must be a good solvent only for the shell polymer but a non-solvent for the core polymer. These two solvents must also be miscible. Lastly, the third medium must be a strong non-solvent for both polymers in addition to being miscible with the other two solvents. The third solvent should be used in an excess of at least 1:40. Thus, to preferentially create the core of the NPs, the two dilute polymer solutions are mixed together at the appropriate experimentally determined ratio (cloud points) thus forming a cloudy suspension of phase separated core polymer. The rapid addition of this cloudy suspension to an excess of a non-solvent for both polymers results in the diffusion of the solvents into the continuous phase of the excess non-solvent causing the spontaneous, nearly instantaneous self-assembly of DW NPs as the core polymer droplets serve as nucleation points for the shell polymer. The core thickness could be easily controlled by reducing the mass used of the core polymer. For drug delivery purposes, the active material could be added to the system before the cloud point is reached as was described for the encapsulation of insulin.
Conclusions
This paper demonstrates the robustness of the SSDN encapsulation process by using several polymers to create various core/shell formulations. SSDN requires the selection of two polymer/solvent pairs that allow controlled sequential phase inversion of each polymer. In this study, general guidelines and methods for producing these NPs are described. First, solubility tests must be performed to ensure the proper solvents ratios and polymer concentrations are used. This method has the potential for encapsulating pharmaceutical agents with less drug loss by adding them to the core polymer solution as was shown for the PIN method [8, 9, 15, 16, 26, 39, 40] . This potential has been tested with insulin in PLGA (core)-PBMAD (shell) DW NPs which showed release for up to two months. This method may also be advantageous to produce drug encapsulating NPs with core-shell morphologies in a single step through a rapid, spontaneous, and self-assembly process.
